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Solar energy in the form of thernial radiation which 
enters and penetrates the atmosphere of the. earth is rec- 
ognized by all, I belie.ve, as the primary source of all the 
phenomena of we.ather, and, indeed, of life itself on our 
planet.’ Surely, then, no ot,her subject is niore deserving 
of exhaustive measurement and invest,igation than solar 
radiation, especially if we also include the study of sun 
spots, prominences, and like, solar phenonienn its ot,her 
evide.nce.s of solar activity. 

This address, however, is limited to a very brief con- 
siderat,ion of certain S O I I ~ C ~ L P  of e.rror inherent in funda- 
mental measurements of solar radiat,ion and t,o t,he inter- 
pretation of the observational data. 

Systematic. study of a scient,ific question d l s  first of 
all for a sound theoretical background and plan of pro- 
cedure; second, for adequate instrumental spparat.us by 
means of which the third prerequisite of invest,igat,ion 
may be secured, namely, a homogene.ous body- of obser- 
vational data. The fourth and Iast stage is a search for 
the correct interpretation of the observnt,ions. 

In the case of the solnr c,onstant as a quest,ion for 
scientific investigation, it reniaine,d for Samuel Pierporit 
Langley first to transform t,he imperfect, insufficient older 
the,ories of atmospheric transmission and de,plet.ion of 
incoming radist,ion to t,he inore coniplet,e and adequate, 
theoretic,al background such a prohleni required. Sw- 
ond, by the invention of the holograph he finally, for t,he 
first time, made i t  possible to evalnat,e correct,lg t,he 
atmospheric absorpt,ion, and hence the original intensitmy 
of the solar radiation as i t  reaches t.lie. outer limits of t,he 
earth’s atmosphere. This physical magnitude Langley 
called the solar c,onstant of radiation. Only in later 
years did he conbemplate the possibility that the int,ensity 
of solar radiation was a variable. 

In the introduction to his re.port t,o the Chief Signal 
Officer on his solar expedition to Mount Whibney in 1880, 
,Langley wrote these significant words: 

If the observation of the  amount of heat the  sun sends the  earth 
Is D o n g  the  most important and difficult in astronomical physics, 
it may also be termed the  fundamental problem of meteorology, 

ing the probability that some fluctuations in intensity of solar radia- 
&%%rR?%ng geological times, 1 om reluctant to 1:nelieve that rndinnt solar energy 
rlone dominated pest climates a8 i t  does a t  the present time, or, that s n l x  control will 
eontinue to be what i t  is to-day in the remote future. For t.lie climatologist I must add 
my conviction that solar heat alone, as we now know it, is not necessarily suf6cient to 
bspe mused or to explain the climates which geologx history shows the earth has erperi. 
mced in the Dast. climates which there are many reasons to believe may recur in like 
mid the,remotefuture. 
The thesls of oariationd i n  the at~ailabilitll at the carfh’s surface of fhc  stores a/ ita internal 

cml has a claim to be recognized as a possible and at times an importqpt factor in causing 
tb climates of the ages past and future (see Marsden Manson’s The Evolution of 
CUmates”). Oeophysic‘s and isostasy compel us to recognize that what we call the solid 
anat of the earth is after all of only apple-skin thickness if  the earth were reduced to the 
dm of the apple a crust less than 100 miles thick at  the most. The mnt.ter within is 
p i c ,  or oven huidlike, under slowly acting great forces. Such properties are due to 

!P t is  probably impossible a t  the resent time for anyone to set out a satisfactory and 
amptable explanation of the me&mism and process by which earth heat has at any 
f&e in the past or may again dominantly influen@ climatic condibions. Nevertheless 

climatologist can not affor? to disregard the cumulative effects on climate over loni 
roes of time of probable variations in the availability at the surface of the internal heat 
oftbe earth. The stores of heat seem to be within. the crust is relatively very thin, and 
Ibo ecin say that slow variations in availability at the surface do not occur? 

temperatures an well a8 great pressures. 
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nearly all n h o v  phenomena would h c o n i e  predictable if we knew 
both the original quantity and hind of this heat; how i t  affects 
the constituents of the  atmosphere on its passage earthward; how 
much of it reaches the soil; how, through the  aid of the atmosphere, 
it  maintains the surface temperature of this planet; and how, in 
diniiiiishd quantity and altered kind, i t  is finally returned to  
oiitw space. 

hIeteorologists have till lately occupied theniselve~ more with 
the sccondarv effects of this solar radiation than with the  considera- 
tion.: j w t  referred to, though this primary study will at least enable 
LIS to  survey siil)ordi*iate and familiar phenomena from a more 
general point of view and will correct some errors.0 

The Reather Bureau is sometimes reproached for seem- 
ing to give investigations of solar radiation as a possible 
aid to weather forecasting an unsynipathetic reception. 
In this connection i t  is interesting to note that Langley’s 
s01:tr expedition to Mount Whitney was not only indorsed, 
hut alw financed, by the then juvenile Weather Service 
of the Sigiial Corps. From lSS0 to the present time the 
meteorologists of the Weather Bureau, although naturally 
skeptical of unproven claiiiis of solar variability and the 
direct response of weather to such alleged solar variation, 
have always retained a keen interest in the ultimate out- 
come of the remarkable investigations inaugurated by 
Professor Langley a t  Mount Whitney and carried for- 
ward with such consummate sliill and persistence by Dr. 
Charles Greeley Abbot. 

In the beginning of Langley’s research he spent more 
than a score of years upon what we have called the sec- 
ond or iiistrunientatinn stnge of the extremely difficult 
inrevtigation necessary before i t  was possible to reach 
even the approach to the third stage; that is, the begin- 
ning of the collection of systematic observations. 

In fact, a t  the time of his death in February of 1906, 
Professor Langley had before him only the merest frag- 
ment of the observation81 data now available. Never- 
theless, he was impressed with the possibility of appre- 
ciable day-to-day variation in the true values of the solar 
constant. This interpretation of the data then available 
was plausible enough, because even the best measure- 
ments then made a t  Mount Wilson in the summer of 
1905 showed a probable day-to-day variation of nearly 
1;4. per cent. The Variability of far less satisfactory 
earlier observations made a t  Washington was still greater. 
I t  is now generally believed these large variations were 
chiefly, if not wholly, caused by the combined sources 
of variation due to instrumental errors and atmospheric 
influences. 

After another score of years of progress there is avail- 
able to-day a large body of measurements of the solar 
constant. Let us examine these carefully in order that 
the evidence bearing on the question of constancy or 
variability of the sun may be more clearly understood 
and the true thermal basis of theoretical meteorology 
more accurately evaluated. 

I Professional Papers of the Signal Service, No. XV, p. 11. 
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In  this age of marvelous advances in scientific measure- 
menta it is perfectly easy to recognize that in all proba4 
bility the sun is a slightly variable star. To state it 
thus simply, however, is to mislead the general public 
and even a’great  many men of science. Suppose I 
ask one of these the question: “Tell me, now, just 
how much do you think the sun varied from day to day 
during the year? The Smithsonian Institution gave the 
Weather Bureau the values whenever observed, and they 
were printed on the Washington weather map. How 
much variation do you think these observations show?” 
Outside of the experts familiar with these daily values 
I have not found a single person who could answer my 
question in any quantitative way. Every one, however, 
has the mental impression that the variation is appre- 
ciable or considerable. I have no doubt there are a 
number of persons who, if pressed for an answer, would 
put the amount of day-to-day solar variation a t  the order 
of 1 or 2 per cent or more. No one 
can form an independent appraisal of the facts without 
a fair acquaintance with the major sources of secular and 
accidental errors. Let me lay some of these before you. 

A least-square computation, based on the good and 
bad observations during the past 18 months, indiscrimi- 
nately, shows that the t o t d  pTObUbh? variation due to all 
cawes, that is, errors and atmospheric causes of variation 
combined with solar changes, was one-third of 1 per cent. 
If we reject 42 values graded by the observer as unsatis- 
factory because observing conditions were poor, the total 
day-to-day variation becomes less than one-quarter of 1 per 
cent. Analysis of the Observations has shown that only a 
part of this total, probably not even half of it, can be as- 
cribed to the sun itself. Is there after all any real evidence 
that the whole of this small quantity is not the inevitable 
errors of observation? I hope to throw some light on 
this question later in the present paper. 

It is well known that the pyrheliometer is the ultimate 
standard of reference in all measurements of solar 
radiation. 

Doctor Abbot has stated this matter forcefully on page 
89, Volume IV, of the Annals of the Astrophysical 
Observatory: 

The basis of our research lies in the exactness and stability of its 
pyrheliometry. We are watching for changes in the radiation of 
the sun from day to day and from year to year. In doing so we 
determine the values of the intensity of solar radiation outside of 
the atmosphere in calories per square centimeter per minute. The 
accuracy of the comparison depends, however, primarily on the 
exact comparability over long iutervals of our observations at the 
earth’s surface. As the bolometer (which we are obliged to  use in 
order to determine the transmission of the earth’s atmosphere) is 
not a standard instrument for radiation and gives merely relative 
values, it is necessary to standardize it against some other instru- 
ment. For this purpose we have chosen the pyrheliometer. 

How great is the need, then, for the utmost constancy 
in our pyrheliometry. 

In  what follows we consider only certain sources of 
errors unavoidable even in pyrheliometers of the highest 
type. These seem to me to be of such magnitude in 
themselves that they help to explain both day-to-day as 
well as secular changes in the derived values of the solar 
constant. This is especially the case when the day-to- 
day variations amount to only a few tenths of 1 per cent 
of the mean intensity. Only a few of the several standard 
pyrheliometers in use will be discussed. 

Pyrheliometers are absolute instruments when their 
indications can be transformed directly into units of 
thermal energy of radiation received, without comparison 
or reference to any other type of instrument. Secondary 
pyrheliometers are those instruments whose indications 

What’ are the facts? 

are in arbitrary units and must be reduced to standard 
thermal units by comparison with absolute or other 
standardized instrument’s. 

In  the chss of absolute instruments we must mention 
the water-flow and water-stir pyrhe.liometer of the Astro- 
physical Observatory of the Smithsonian Institution, the 
electrical conipensation pyrheliometer of Angstrom, and 
the silver disk elec tricrtl pyrheliometer used by the 
Weather Bureau since 1912.3 All t,hese instruments are 
subject to an uncertain error due to  the amount of 
radiat’ion exchanged between the sky and the sensitive 
surf aces within the pyrheliometer, which radiation is 
added algebraically to the direct radiation from the sun. 
The inst,rument,s also require a great’er or less correction 
for the incoiilplete absorpt,ion of the radiation which is 
t.ratisriiit~td t,o the sensitive surface,s for measurement. 

The sources of error which we select for c.onsideration 
arise from t,he sky racliation admitted to the sensitive 
surfaces, also from losses due to imperfect, absorption by 
t,he blackened silver disk or by the walls of the water- 
flow pyrheliometer. 

CHARACTERISTICS OF P Y R H E L I O M E T E R  VESTIBULES 

It is impossible to expose the sensitive eIement of any 
pyrheliometer to solar radiation alone. A wide area of 
sky around the sun also adds its radiation partly or 
wholly to tliat from the sun’s disk. While the intensity 
of slip radiation is feeble compared with that from the 
sun, the sky area in some instances is several hundred 
times t>he area of the solar disk. Therefore the feeble sky 
radiation and its variation can not be disregarded if one 
attaches great importance to changes of s m d  fractions 
of 1 per cent in the derived values of the solar constant. 

The word vestibule refers to that part of the pyrheliom- 
eter which deliniits the admission of radiation to the 
sensitive measuring apparatus within. This vestibule 
serves the purpose of well-known collimating devices. 
The miount of radiation admitted is defined by an 
ou terniost and innermos t diaphragm, sep ara ted a greater 
or less distance. Intermediate diaphragms are also 
required, whose function is to cut off interval reflections 
in the vestibule and to reduce air circulation as much as 
possible. Figure 1 illustrates diagranimatically the 
critical elements of the vestibules of certain standard 
pyrheliometers indicated. 

The apparent semidiameter of the sun is slightly more 
than half a degree. On this account the vestibule of the 

yrheliometer must be macle to flare to the extent of a t  
feast a whole degree or more to allow for imperfect 
pointing of the vestibule at the sun and for errors in 
following the solar motion. This flare is provided by 
making the outer diaphragm a small amount larger than 
the inner one, but while the vestibule thus arranged 
admits all the radiation from the full disk of the sun, 
nevertheless sky radiation from a relatively large area 
is also admitted. 

Before passing to the detailed analysis of the geometric 
relations, i t  may be mentioned that the vestibule of the 
standard type of silver disk pyrheliometer used by the 
Smithsonian Institution a t  all its stations prior to 
1925 admitted a comparatively wide angle of sk 
radiation. Since the older type has been used for a 1 
observations published prior to 1927 and upon which 
have been based the claims of solar variability, methods 
of weather forecasting dependent upon the supposed 

T 

: Annals of the Astrophysical Observatory, Vols. I11 and IV; also MolPrHLI WrAmrB 
R E V ~ W  11:700, and 633302. 



FEBRUARY, 1927 MONTHLY WEATHER REVIEW 51 
variability, etc., it is necessary that we discuss the 
characteristics of the vestibule of this and other instru- 
ments in order to appreciate the difficulties which arise 
when we try to interpret solar constant values as pub- 
lished. I t  was probably because of certain anoninlous 
results mentioned hereafter, arising from analysis of 
the Harqua Hala and hlontezunia observations, that 
action was taken in the latter part of 1025 to lengthen the 

VESTIBULES OF STANDARD P Y R H E L I O M E T E R S  C O M P A R E D  
0 

WATER-FLOW P Y I H L L I O Y L T C I  NO. 1 

WEATHER BUREAU ELECTRIC bel2 

.* 4 

WLITWLII BUREAU CONE REcEivLn is= 

FIO. 1.-Vestibules compared and the geometric m g u h r  ?perlure formnliited 

vestibules of the silver disk pyrheliometer from about 7 
to 30 inches, thereby reducing the sky area to about 5 . 5 O .  

Analysis of vestibules.--If we call the diameter of the 
inner diaphragm of the vestibule A ,  the diameter of the 
outer diaphragm B, and the distance between the dia- 
phragms D ,  it is easy to see from the construction lines 
of the vestibule of the silver disk pyrheliometer in 
Figure 1 that 0, the half angle of the aperture of the 

A S B  
vestibule, is found from the equation tan O =  2 - D .  

There is some difference of view as to how the angular 
aperture of any particular vestibule should be calculated. 
It is true that no single point of the sensitive surface 
receives radiation from the entire sky area. Neverthe- 
less, all that solar and sky radiation which passes throu5h 
the vestibule of the pyrheliometer must impinge sonie- 
where upon the sensitive surface and exert its influence 
upon the measurements. In a recent discussion of this 
question Doctor Abbot demonstrated that the efSective 
area equivalent to the geometric angle given above is ap- 

B 
proximately the angle given by the expression tan e= - D' 
which is about half the geometric angle and is the appro- 
priate angle to use in evaluating the effects of sky es- 

If, as in some pyr- 
ieliometers, notably the Rn strom, the sensitive surfaces 

passes through the vestibule, then the incoming radia- 
tion which passes by the edges of the receiver is entrapped 
within the inclosure, and the general effects thus produced 
upon the measurements are likely to be more harmful 
than if all the radiation had been intercepted. 

Figure 2 is a graphic picture of what the myriad of 
points on the receiving surface of various pyrheliometers 

osure of different pyrheliometers. 

do not intercept all the so f: ar  and sky radiation which 

"see" when the instrument is pointed centrally toward 
the sun. 

The detailed analysis of condit,ions in the case of the 
well-known silver disk pyrheliometer is shown in the 
upper left-hand corner of the diagram by the large circle 
whose outer limit represents t,lle, outermost points of 
visible sky from whic.h radiation can pass through the 
vestibule of the instrument. The sun's disk, drawn to the 

same scale, will occupy a tiny area in the center of 
the outer circle. 

The vestibule of this instrument admitsasolidconeof 
radiation having a geometric aperture of 20' 6' = 1,206 
minutes of arc. The solar disk subtends an angle of 
about 32.6' of arc. The total area of the sky which 
radiates to the receiver is, therefore, one thousand three 
hundred eightmy-six times the area of the solar disk. 

A single point a t  the center of the silver disk sees 
only the sky radiat.ion within the circle c c c with the 
sun exactly in it's center, assuming the instrument to be 
pointed centrally a t  the sun. This circle subtends an 
angle of 10' 3s'. Pointas on the disk which are eccen- 
tric in position see about the same angular area, but 
t'his is coinposed partly of other portions of the sky than 
those seen froin the c,ent,ral point, and the sun is 
eccentric therein as indicabed by the circle 5. 

The sun and sky areas as wen by one or more points 
1 near the estreme edge of the illuminated portion of the 

disk are represented by circles such as y y y, etc. In 
these circles the s u n  is just  within the edge on one side 
of each circle. If thedisk or receivingsurfaces are some 

7 distame behind the innermost, diaphragm, there will be 
quite an appreciable annular ring of penumbra and 

diflraction effects just outside of the fully illuminated 
c.entra1 portion of the disk. 

I n  receivers of t,he black body type, like the water-flow . 
pyrheliometer, many sensitive portions of the surface 
are located quitme a distance behind and outside of the 

SKY AND SOLAR AREAS FOR D I F F E R E N T  V E S T I B U L E S  

FIG. 2.-Relative geometric areas of sun and s!is whose radiations pass through the 
restibules of various pyrheliometers 

innermost diaphragm of the vestibule. Therefore, por- 
t.ions of the. sensitive surfaces will receive radiat,ion from 
sky areas within which the solar disk does not appear a t  
all. One edge of these circles lies near the sun and 
extends from it to t,he outer limits of the whole sky zone 
admitted. In  a very slight degree this condition is true 
with each of the disk instruments, but is least so when 
the disk is near the innermost diaphragm of the vestibule. 
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The vestibule characteristics of the pyrheliometers 
shown in figures 1 and 2 are tabulated below: 

Tabla of apprm‘matc characteristics of vestibules of pyrheliometers 

Instrument I *  
Inches 

Bmlthsonian Silver Disk _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Bmithsonlan Vestibule 1825 ________._____ 
Weather Bureau Cone Receiver. 1826 _ _ _ _ _  
smithsontan Water F&W NO. 3 * _ _ _ _ _ _ _ _  
Weather Bureau Electric,’ 1912. .__ _ _ _ _ _  _ _  

I- - ~ _ _ _  
Inchra Inchrs ‘ 
1.481 7 
1.956 30 
1.142 5 
1.775 11.56 
1.120, 24.2 

* Corrected for reflecting surhces inside. 

Let us now suppose that two or more of the pyrheli- 
ometers whose characteristics we have analyzed are 
undergoing comparison by being pointed simultaneously 
a t  the same sun. I n  an extreme case one instrument is 
registering radiation from nearly 20 times as much sky 
area as the other, and in any case the two instruments 
are not, strictly speaking, measuring the same physical 
quantity. If comparisons are made on different days 
the differences between the quantities measured by the 
instruments will differ. These amounts may be small, 
but they can not be disregarded when an ultimate 
accuracy of a few tenths of 1 per cent is required. 

The quantitative amount of sky radiation passing 
through the vestibules of different instruments can be 
estimated in some cases from studies like those carried 
out by Doctor Kimball. These amounts may indeed be 
quite negli ible a t  stations in very arid regions and a t  
high altitu % es overlain with nearly dust-free air. Never- 
theless, the general practice has been to compare the 
secondary pyrheliometers used in the daily work with 
ultimate standards a t  some base station located under 
very different and very far from ideal atmospheric con- 
ditions. 

The Angstrom pyrheliometer has nof been included in 
the foregomg analysis, because the characteristics of the 
vestibule are very complicated and unsatisfactory. 

The physical and electrical principles of the lhigs trijni 
instrument are excellent, but the design and mechanical 
construction of the models put out by European manu- 
facturers admit of very great improvement. The cir- 
cular form of aperture and receiver are far superior to  
ny rectangular form, and should be adopted for the 

Wngstrom mstrument if possible. The vestibule can 
then be easily designed to include as small an angle of 
sky radiation as possible. 

However small may be the area of sky radiation per- 
mitted to pass through the vestibule, we must not over- 
look the fact that whatever portion is admitted is always 
the brightest and the most changeable, and therefore the 
most objectionable portion. 

C O E F F I C I E N T S  O F  A B S O R P T I O N  OF P Y R H E L I O M E T E R S  

Pyrheliometer measurements fail to command our 
entire confidence, because we know that in general the 
sensitive surfaces do not absorb more than 96 to 98 per 
cent of the total radiation which passes through the 
vestibule. Here again secular and accidental changes in 
small losses due to this cause must be duly considered 
when we are striving for an accuracy and constancy of 
measurement of a few tenths of 1 er cent. 

the “lack of blackness’’ of the receiving surfaces of 
In order that we may clearly fo lr ow a short analysis of 

pyrheliometers, we must have in mind the exact meaning 
of certain words w-e use. 

A surface is perfectly black, as this word is here used, 
only when it absorbs all the radiation which impinges 
upon it a t  any angle. Unfortunately no such surface is 
available. The surfaces we are compelled to use are, 
therefore, to be thought of as partial, that is, imperfect 
or poor, reflectors. We must now think of two kinds of 
reflection, the diffuse and the s ecular. 

A sheet of pure white unc ar endered paper is a good 
example of a nearly perfect diffuse reflector, because 
radiation, a t  least visible radiation, falling upon it from 
any single direction is nearly all reflected away again, 
but e,qually in a,ll directions. Such paper is said to  
have a matte, surface,, as distinguished from a glossy or 
specular surface. A mirror, on the other hand, is a 
nearly erfect specular reflector, because a single ray of 

a t  the one angle whkh is equal to  t’he angle of incidence. 
The diffuse reflection iu this case is practically nil. 

In pyrheliomet,ry we are liniited to the use of surfaces 
which sat,isfy only imperfectly the definitions we have 
given. No surface we employ is perfectly “black.” 
Some reflection always occurs, amounting to a t  least 2 
to 4 per cent. With a matte surface, as for example 
one eve,nly coat,ed wit,h soot, nearly all of this 2 to 4 per 
cent will be reflected diffusely, some of it out through 
the opening of the vestibule. With anot.her kind of 
surface, for example a glossy enamel black one, nearly 
all the reflection will be specular. 

Now, there is only one way by which this reflected 
radiabion can be ent,rapped with a loss of less than one- 
thousandth part of the radiation transmitted through 
the vestibule. This requires that the absorbing sur- 
faces be not diffuse reflectors, as in all ordinary prac- 
tice, but specular reflectors, for the reasons explained 

light faling P upon its surface is nearly totally reflected 

in what follows. 
(1) The “b7,uck bodrv.”-A hollow chamber with a 

blackened interior and a vestibule upon one side for 
admission of radiation is widely known as a “black 
body. ” The use of this in pyrheliometry is exemplified 
by Doctor Abbot’s waterflow p rheliometer, whose 

The widespread general assumption is that any 
“black body box” absorbs practically 100 per cent of 
incoming radiation. This assumption, however, is partly 
fallacious, and calls for the correction brought out in 
the following analysis. 

The mistake arises from not taking proper account 
of the difference between specular and diffuse reflection, 
and also because the universal practice seems to be 
simply to blacken the inner walls of the chamber dead 
black with lampblack mixed in alcohol, with a little 
shellac added to cause the lampblack to stick. These 
are the standard instructions for producing matte black 
surf aces. 

The prevalent impression is that the solar and sky 
radiations which have passed through the vestibule of 
the black body, if not absorbed a t  first incidence, will be 
reflected to and fro within the chamber and will be a t  
length almost completely absorbed somewhere upon the 
walls. 

Disregarding the sky radiation as EL negligible factor in 
the present connection, let us say that of the whole solar 
beam, wherever it’ falls within the blackened chamber, 96 
per cent is a t  once absorbed on the first incidence. A0 
the walls are matte surfaces, 4 per cent of the solar beam 
will be diffusely reflected from every point, and a part of 

vestibule characteristics we have a z eady analyzed. 
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this will a t  onye pass right out through the vestibule; 
there is no chance for it to be reflected to and fro. Of 
course, not all of the reflected 4 per cent can pass out 
through the vestibule, but the loss is appreciable and can 
not be disregarded. The result is quite different if the 
inner walls are blackened with a thin, glossy, black enamel 
which reJEects specularly. The eflects are best exemplified 
in the cone receivers, which will now be discussed. 

(2) Narrow cone recei@ers.-If the whole solar beam is 
received in a cone-shaped sensitive chaniber the multiple 
absorptions which result froni to-and-fro reflections are 
realized in the highest degree and the losses by diffuse and 
final reflection can be made vanishingly small. In  fact, 
the black body inclosure, in pyrheliometry a t  least, is 
largely unnecessary, for in the new type of receiver we 
are successful in absorbing even more than 999 parts in 
1,000. ’ 

The high effective absorption that can be realized by 
the use of cones with specularly reflecting walls, as also 
the difference between specular and difTuse reflection in 
such cases, was discussed long ago by Dr. C‘harles hlen- 
denhall.4 I am not aware, however, that proper aclvan- 
tage has been taken of these principles in the construction 
of pyrheliometers. 

The number of reflections of a beam of parallel rays 
entering a cone of angle A will be n = A and the inten- 
sity of the beam after the last reflection will be I=I’”, in 
which T is the coefficient of reflection. As we are now 
interested in absorption we can write the equation for 
effective absorption 

lSOO 

A = 1 - T ” .  

This equation gives the effective absorption on the 
basis that the coefficient r is pure specular reflection and 
that the matte reflection is zero. Some matte reflection 
is inevitable. Any diffuse reflection will tend to nullify 
the advantages of the multiple reflections. The ultimate 
result is to set a limit upon the narrowness of the cone we 
need to choose in order to  realize the maximum attainable 
effective absorption. 

The physical data upon which this question can be 
settled for the kinds of surfaces we must use are not) now 
available. but the Weather Bureau is planning, with the 
cooperation of the Bureau of Standards, to secure the 
necessary observations. 

The ultimate standard of all solar constant values up to 
the present time rests upon a considerable number of in- 
tercomparisons of various silver disk pyrheliometers with 
duplicate standard water-flow pyrhelionieters of the kind 
we have mentioned. Intercomparisons were made in 
Washington and a t  Mount Wilson. 

In addition to the known unsatisfactory qky conditions 
at Washington, the 40 comparisons made there were in 
a beam of reflected radiation and the losses due t o  reflec- 
tion had to be evaluated by a separate set of pyrhe- 
liometer readings, thus increasing the sources of error 
end variability. 

The 32 comparisons a t  Mount Wilson were made under 
better sky conditions and in a direct solar bemi followed 
by means of an equatorial mounting. The 75 ohserra- 
tions were discussed in six groups. Of the results Doctor 
Abbot writes: 

The maximum divergence of the  mean results of these grnups 
ia 1 per cent. Hence it is believed tha t  the mean result of all 
the comparisons made under such dik erse circumstances must be 

* Mendenhall, C. E., On the Emissive Power of Wedge-shaped Carities and Their 
Useb Temperature Measurements. .4stroghys. Jour., vol. 33, No. 2, March, 1911. 

within 0.5 per cent of the  truth. The probable error is 0.1 per 
cent. It is believed tha t  this standard scale is reproducible by 
the secondary pyrheliometers with the adopted constants given 
t.o within 0.5 per cent. The divergence of this scale from that  of 
Angstrnm appears to  be 3.9 per cent. 

Angstrijni in October, 1919, firred his value at  3.23 
per cent lower than  abbot'^.^ 

The unesplained divergence of 3 to 4 per cent between 
t,he normal pyrheliometers by Abbot and Angstrom 
indica,tes that further research is necessary before a 
final definitive standard instrument is realized. 

These citations refer to the outstanding errors of the 
pyrheliometer as an absolute instrument, and depend 
upon the mean results of a considerable number of com- 
parative readings. 

Our chief concern in this analysis, however, is not 
with the mean error of large groups but with the mag- 
nitude of t,he probable c.hanges of scale of any given 
instrument in its daily use, due to variations of sky 
brightness, secular changes incident to age, changes of 
absorption, occasional changes of instruments, changes 
of observers, etc. The.se fluctuations are necessarily 
greater than the fluctuations of group means. 

It must be remembered also that before we get a 
derived value of the solar constant for any particular 
day there must be added to the fore oing causes of 

which include empirical corrections for losses of radia- 
tion a t  the reflecting surfaces of mirrors, prism absorp- 
tions both partial and complete, the empirical factors 
for interpretation of pyranometer readings, and other 
enhirely terrestrial causes of fluctuations in the final 
values of the solar constant. 

Changes in the final derived values of the solar con- 
stant, due to all the foregoing causes, must certainly 
exist and obviously should not be ascribed to solar 
origin, especially when very careful statistical analysis 
of past observations over a number of years shows that 
the total variation due to possible solar changes and 
terrestrial fluctuations combined is less than one-half of 
1 per cent in the case of the best observations. The 
smaller this quantity becomes the greater is the prob- 
ability that all of it is caused by terrestrial and instru- 
mental effects, because these never can be reduced 
to zero. 

Attention has been called in the foregoing to certain 
physical sourc.es of error and variability in measurements 
of solar radiat,ion, which must of course be considered 
in any effort to interpret critically the significance of 
such observations. It still remains to consider a final 
highly important matter, namely: 

variation all those entailed by the use o B the bolograph, 

I N D E P E N D E N T  M U L T I P L E  S T A T I O N S  

Observations at separate sta,tions must be kept absolutely 
.independent of each other. 

Seemingly, without a t  first fully realizing the impor- 
tame of this requirement, methods were employed to 
harmonize and reduce to the same scale observations 
made a t  approximately the same time a t  separate stations. 
However, t,he result proved so unsatisfactory that a new 
c.oniput,ation and reduction of the entire body of original 
observations wa.s undertaken. The difficulty is easily 
understood, for t.his is a question of statistical relationship, 
he,hce adjustment,s of individual observations from sep- 
ara t,e stittions by int>ercomparisons necessarily tends to 
introduce artificial correlation between them. 

November, 191(1,47: 799. 
5 Annals Astrophysical Observatory. 1-01. 3, p. 72, MONTHLY WRATHEB REVIEW 
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All methods thus far devised for deriving a value of 
the solar constant from fundamental observations in- 
herently introduce errors peculiar to the particular 
station, its instrumental equipment, the daily atmospheric 
condition, and the seasonal march of the weather ele- 
ments. That these influences operate is shown by the 
well-known correlation between solnr constant values and 
the atmospheric t>ransniission, which is, for well-known 
reasons, nearly always considerable and nepa tive, whereas 
it should be zero. A climatic effect of a I1'-niontJi period, 
also found where none should appear, is further proof of 
the presence of the errors mentioned. 

If it  is ever to be possible to evduate these instru- 
mental and terrestrial causes of fluctuation and to dis- 
entangle from them possible solar changes, multiple 
station reports must be separately reduced and pub- 
lished RS independent values. Inherent errors, certain 
to be present, can be satisfactorily evaluated and elimi- 
nated, if at  all, only by analyzing a long series of such 
independent observations. 

A rigorous scientific procedure would seem to require 
that the observations a t  wholly independent stations 
shall be reduced by methods and by the application of 
corrections, coefficients, factors, etc., based up011 purely 
physical observations nt tliv one station, just RS if 110 other 
station in the world existed. 

cent. If not all of this is of terrestrial origin, the solar 
part can be evaluated only by R least square analysis of 
comparable observations from two or more stations. 

(2 ) All observations corisisteiitJy show EL well-defined 
climatic effect in the form of a 12-month period. 

( 3 )  The annual periodicity in the latest Montezuma 
values is verified by the fit of these values to the 5-year 
smooth normal curve ns shown in Figure 3. The zig- 
zag line connects 14-day mean values of solar constants 
from Julv It;, 1925, to December, 1926. These are the 
latest values published. With the exception of the 
values for October, November, and December, 1926, 
the conformity t,o the seasonal period deduced from the 
&year inems is striking. For some unknown reason the 
low October, November, and December values are incon- 
sistent, not done with corresponding values for the pre- 
crdiny sis years, but with the view that we should expect 
high ralues o f  the solar constant a t  the present time of 
sun-spot masimiim. 

L i ~ i i y  p r ~ i o d  or secular. chctnge.s.-Data for the andpsis 
of slow, progressive changes over years, sun-spot periods, 
etn.., 8s yet arc very meager. 

The ob<eivntions at ilIount Wilson from 1905 to 1930 
were r i d e  only during suminer months. Two sets of 
values were derived from the same original parent 
observations, which latter represent the results derived 

FIG. 3.-Fourteen-dnp Inem wlues of provizioniil solnr cuust;mt.; RS [ a b l i s h d  from J u l s .  1 ~ 2 5 .  to  r l e c e n r l ~ ~ ~ .  I K R .  Sninot h r u n e  is the sesomil or 12-month Period (11 terrestrial 
effect) deduced from five y e m  of P.>riier observst.ions. NenrlJ- 811 the 14-4ng ruem vnlue; could hove h e n  fore.~xst from this wisonnl curve with few failures end more than 11 
y e s  in advance. The volnes for October. Novemher. mol December i:re ronspicuously disrordml. 

Inconsistencies between independent stations must be 
expected in the present stage of the art, and iiiay well be 
regarded as a mark of t,he independent origin of t,he dat'a. 
We need to know the magnitude of the discrepaccies 
which would be disclosed by bringing t'oge.t,her the 
derived va1ue.s of the solar constants from several stat.ions 
whose observations are truly independent of one, aiiot,her. 

The investigator wants the fundamental original obse,r- 
vations. The pyrheliometer readings and t,he bolographic 
solar c.onstant secured by the pure Langley met,hod, and 
wholly independent of iiieasureinent,s made at, a.ny other 
station, are the real original observations. 

I N T E R P R E T A T I O N  OF O B S E R V A T I O N S  

So much has been published in this Review on the 
analysis of solar constant values that only t,he major 
conclusions need be summarized here. 

D a y  to day  or short period znriabi1ity.-Critic.al esanii- 
nation of all observations published up t,o November of 
1924 indicates: 

(1) The total variability of solar constant values from 
a single high-grade station is well under one-half of 1 per 

__- -- ~~ - .~ - ~ ___ 
* MONTELY WEATHER REVIEW, 1925, 53: July, 285-306; August, 313-349; Decernher. 

blQ-528. 

by the rigorous Langley method and are hereinafter 
deqignated E,.  The second set is obtained from the first 
by the application of  a water vapor correction, and are 
hereinafter designated En'. 

Assuming now thRt all derived values fluctuate from 
day t o  dwy, due to combined solar and t e r r e s t d  causes, 
it is plain that any correction for terrestrial errors will 
be valid only when it  reduces the total variability of the 
p n reii t drtt R . 

Since the corrected data sliow the same variability as 
the parent data, they can not claim to be superior. More 
conclusive proof of the inferiority of the corrected values 
is shown by the aiiiplitude of the 12-month period in the 
corrected data, which is nearly double that in the parent 
data. The Rmplitude w-odd probably be nearly zero i f  
the values were true solar constants. 

Of the parent data published for Mount Wilson (Eo) 
and the corrected values (E"') ,  the latter are the only 
values used in discussions hy both Doctor Abbot and Mr. 
Clayton, notwithstanding that the internal evidence 
cited above indicates that the errors are probably least 
for the pur e bolographic values. 

Whether we inc,lude or exclude the observations known 
to he impaired by Icatrnai dust in 1912 and 1913, the true 
mean solar constant from all observations a t  Mount 
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Wilson is &= 1.912, and the Eo’= 1.933, w-hich latter is 
artificially in excess of the former by 1.1 per cent. These 
mean values are both derived by the harmonic annlysis. 
which is the best, if not the only, way to compute a true 
mean of a periodic function when values for part of the 
cycle are missing. and are therefore prob:tblr the strongest 
and most definitive values which can be drawn from the 
Mount Wilson work. 

I t  was not known at, t,lie time observationr llegan at  
Calama on July 27, 1918, that the past as well as the 
future values of the solar constant would exhibit the 
seasonal feature of R 12-month period. hloreover, little 
consideration seems to have been given to the important 
prerequisite that values a t  separate stations must be kept 
wholly independent. 

What is found in the published results is that the pure 
bolographic values a t  Calamn under winter conditions 
began in close agreement with the high summer 
values, Eo’, at  Mount Wilson. If the values at both 
stations were influenced by no other error than the 
annual periodicity, then it must follow tlint the simultnne- 
ous summer and winter values in the two hemispheres 
should differ by the sum of the nniplitudes of the tw-o 
periodicities, because later computations proved these 
periods to be in opposite phase relations with n maximum 
Merence of about 0.016 calories, or 0.8 per cent. The 
agreement between the summer values at the two stations 
seems therefore to indicate that the Southern Hemisphere 
observations started upon a scnle in accord with the l&’ 
values at Mount Wilson, which were then regarded as the 
most dependable. 

This condition had the very harmful efl’ect of starting 
the observations a t  the Southern Hemisphere station upon 
a scale of values which was too high, first because the 
Bummer and fall values a t  Mount Wilson were running 
near the maximum phase, due to the annual period with 
B large amplitude; second, because the Et0 values are 
themselves probably a full 1 per cent too high, due to 
the application of a water V R ~ O ~  correction of doubtful 
validity. 

The writer is compelled to emphasize the doubtful ac- 
curacy of the high values of the pure bolographic obser- 
vations as published for Calama and hlontezuma up to 
January, 1922. It is very doubtful, indeed, in the 
writer’s mind, a t  least, whether absolutely independent 
pure bolographic observations would ever have given 
these high values had the station a t  Mount Wilson never 
existed . 

There is no physical basis by which an artiJicia7 scnls con 
be presewed. When the station at  hlount Wilson was 
discontinued in favor of R new station at  Harqua Hnla, 
and the station a t  Calama was moved to Montezuma in 
1920, the latter became and still remains the primary 
observatory. I n  the course of a year or two thereafter 
direct physical verification of the mirror, prism, and other 
corrections at  the station would have to be made in order 
to maintain the accuracy of the instrumental Constants 
and corrections required by the pure bolographic method. 
Thus the values a t  Montezuma would tend to revert to 
the magnitude of values at a wholly independent station- 
that is, to a scale similar to the original pure bolographic 
values, Eo, a t  Mount Wilson when that station was a 
wholly independent one. 

The writer, unfortunately, has not had access to orig- 
inal data and observations by which to establish the 

- 

correctness of the deductions stated above, but we do 
know t,hat the pitblished solar consbants fell off in 1922 
t,o unprecedented low values, which have averaged closely 
t,he same up t,o the present, t,ime. These values were only 
apparent,ly low. They c,ould not be explained in relation 
to t,he former high values, Eto, except’ to misinterpret 
t8hem as evidence of a ma.rked decline in solar radiation. 
The fact is, these low values agree very well with the 
former pure bolographic values, Eo, obtained at  Mount 
Wilson, whose average w ~ s  1.913. 

It, is plain from t,he adjustments described above that 
art,ificial changes run through the solar constant values 
since 1918. Moreover, the final values are not yet avail- 
able, since many of the observations are now undergoing 
recornputmation. This will doubtless produce some homo- 
geneity, but it is not obvious how it will ever be possible 
to eliminate from past observat,ions the correlations due 
to intercomparisons between nonindependent stations. 

CONCLUSIONS 

Langley’s pure bolographic process for evaluating the 
transmission losses of radiation in the earth’s atmosphere 
still stands alone and supreme, provided the observations 
at any one station are reckoned in a manner that makes 
thein completely independent of those a t  any other 
station. 

Nevertheless, while frequent daily observations by the 
full Langley or long method furnishes very valuable 
data, these are now no longer required for the ursuit of 

ships. For reasons already given by me,’ pyrheliometer 
readings alone a t  high-grade stations serve nearly & 
purposes, especially if supplemented by simple metero- 
logical observations, all of which are very easily made. 

What meteorologists and other investigators need is 
simply the prompt release of the original basic observa- 
tions. These are not subject to an? change except for 
occasional errata or possible material deterioration in 
instrunientnl constants. We are glad to point out that 
a step in the desired direction was taken in 1926 when 
the Smithsonian Institution arranged for the advance 
publication by the Weat,her Bureau of the Montezuma 
Pyrheliometry, 1920-1926.’ 

There are still needed, however, similar and additional 
prompt reports from all existing stations. The writer 
has proposed that arrangements be made for the prompt 
publication of some such original observations from each 
station, as follows: 

(a )  Pyrheliometer observations whenever possible at 
three or more different air masses. 

( b )  Psychrometer readings or equivalent measures of 
local humidity, including air pressure and state of sky 
with respect to haze, clouds, etc. 

( c )  Some evaluation from one or more bolograms of the 
area, or other quantitative measure in comparable units, 
of the major water vapor absorption bands in the solar 
spectrum. 

I t  is earnestly hoped some such program of prompt 
publication of actual original observations may soon be 
realized. 

practical investigations in solar and terrestria P relation- 

7 MONTHLY WEATEER REVIEW, July, 1935, p. 290, Caption 11. 
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